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FOREWORD 


riiis  rtptn-i  [)retitMU.s  the  liiial  rcriulis  ol  one  ut  the  40  prujei’ls  cuniprisin^  the  mililary-elfects 
l)ro^i*am  el  Oi)eralu)n  Pluiiibtx>b,  wtiu’h  iiu-liuleil  24  lost  detonations  at  the  Nevada  Test  Site  in 
1957. 

For  overall  Plunibbob  niilitary-eileets  inlornialion.  the  reader  is  relerred  to  the  “Summary 
Report  oi  the  Direetor,  DOD  Test  Group  (Programs  1-9),"  ITR-  1445,  which  includes:  (1)  a 
description  ot  each  detonation,  including  yield,  zero -point  location  and  environment,  type  of 
device,  ambient  atmospheric  conditions,  etc.;  (2)  a  discussion  of  project  results;  (3)  a  summary 
of  the  objectives  and  results  ol  each  project;  and  14»  a  listing;  ot  project  reports  for  the  miliiary- 
elfects  program. 
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ABSTRACT 


A  total  of  350  transistors  and  sc'nin.-onductor  diodes,  including:  germanium  and  silicon  types, 
were  exposed  to  nuclear  detonations.  Some  of  the  transistors  were  operational  during  exposure 
as  oscillators,  amplifiers,  and  trigger  circuits.  Radiation  levels  varied  from  10^1  to  4  m  lO^Vy 
NVT  integrated  neutron  flux,  accompanied  by  gamma  radiation  between  0.1  and  100,000  r. 

rile  transistors  showed  a  decrease  in  common -emitter  current  gain  fteeW  and  an  increase  in 
collector-diode  reverse  leakage  current  The  higher -frequency  transistors  were  less  af¬ 

fected  by  neutron  fluxes  than  were  the  audio  units,  and  the  surface-barrier  types  were  virtually 
undamaged  by  the  maximum  fluxes  obtained.  Semiconductor  diodes  showed  an  increase  in  forv^-ard 
resistance  and  a  decrease  in  back  resistanct^  wiH^-paiutrCOuULct  types- aftowing  much  less  rhangp 

Trans istors  and  diodes\n  operating  equipment  suffered  permanent  damage  comparable  to  those 
pansivciy  OLpused.  DeMradaUon  of  pextormance  of  this  equipment  was  almost  entirely  attributable 
to  change:^  in  the  semiconductur  parameters. 

The  results  obtained  are  in  reasonable  agreement  with  data  obtained  from  pile -type  reactors, 
indicating  that  total  integrated  neutron  flux  is  of  primary  significance,  rather  than  rale  of  exposure^ 
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EFFECT  of  NUCLEAR  RADIATION 
on  SEMICONDUCTOR  DEVICES 


OBJECTIVES 

Tho  1)1'  iho  work  cioscriiAHl  lu'rt'iti  was  lu  asrt'rlaiti  ihu  cutUitiucd  eflccls  ot  neutron,  gam¬ 

ma,  and  eU'i’iri)magnoUi-  radial  u>n  upon  rum  mere  lally  available  lransisi(;rs  and  diodes  and  upon 
oloeironu'  circuits  emi)iuymg  Uiese  cumi)i)neiiis.  Parlii'ularly  desired  was  specific  information  of 
value  U)  llie  applications  researclier  as  to  iln*  relativi'  radiation  susceptibility  of  the  different  types 
ol'  semiconduciur  devua's. 

BACKGHOCND 

Tile  use  ot  nuclear  weapons  in  modern  wartaia-  makes  necessary  the  obtaining  of  information 
I’oncermng  the  effects  ol  luuTear  radiation  upon  armaments  and  ecpiipment.  Since  many  of  the 
armament  control  circuits  eillier  presently  utili/e  semiconductor  devices,  or  may  advantageous¬ 
ly  do  so,  It  IS  essential  to  obtain  information  on  the  iierformance  ol  transistors  and  semiconduc¬ 
tor  diodes  in  the  environment  ot  a  nuclear  exiilosion. 

Preliminary  high-intensity,  shori-dnration  neutron- irradiation  tests  were  made  in  1956  (Ref¬ 
erence  1)  using  the  Los  Alamos  Scientific  Laboratory’ s  Godiva  pulse  reactor  as  a  neutron  source. 
The  choice  ol  semiconductor  devu  .\s  and  the  design  ol  electn>nic  circuitry  exposed  during  Opera¬ 
tion  Plunibbob  were  made  as  indicated  bv  ilie  results  ol  the  Godiva  test. 

THEORY 

Since  the  operation  of  seivaconductor  devices  depends  up^n  carrier  movement  through  a  well- 
ordered  crystal  lattice,  it  sliouki  he  t'xpecied  that  particle  U)nibardmcnt  of  the  crystal  '‘ould 
disrupt  Its  orderly  arrangement  and  thereby  cause  device  perfomiance  to  deteriorate.  In  addi¬ 
tion,  the  accompanying  gamma  rays  were  expected  U)  cause  ionization  of  matter  (grease,  potting 
compouml,  I'lc  J  in  contact  with  Hie  crystal,  resulting  in  siiriacc  eltecls  detrimental  to  transistor 
action. 

Decrease  in  the  comnion-em liter  forward  cu’  rent  gam  (beta)  ol  transistors  as  a  result  of  con¬ 
tinuous  low-level  neutron  radiation  i)Vcr  a  long  period  ol  lime  has  been  measured  by  others  (Ref¬ 
erences  2  and  .3*.  Since  the  loss  dI  beta  has  been  attributed  primarily  to  a  decrease  in  minority 
carrier  lifetime  (References  3  and  4),  it  was  expected  that  this  wxiuld  be  of  less  proportional 
importance  for  high-f requeue v  units,  wherein  the  minority  carriers  diffuse  through  a  thinner 
base  region. 

An  increase  in  collector  diode  backward  leakage  current  (l^o^  ..radiated  transistors  has 
also  been  measured  by  investigators  using  continuously  operated  reactors  (Reterences  2  and  3). 
This  degradation  has  been  attributed  to  a  combination  ol  surface  effects  at  the  collector-base 
junction,  together  with  changes  in  bulk  eharaeterislics  of  the  semiconductor  that  tend  to  destroy 
the  barrier.  The  former  effects,  ‘.hat  of  conductances  shunting  the  collector -base  barrier,  have 
been  considered  to  result  (Helerences  2  and  4)  primarily  from  exposure  to  gamma  radiation  and 
a/o  reported  to  vary  considerably  with  tho  typo  of  grease  or  filling  compounds  surrounding  the 
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unit  was  veil  hy  a  siiijUi*  hatti'Vy,  ICaeii  sell -powiTeil  oseillatov-aaiplU  K‘r  eoinbtuaiKJii  was 

CDiUaiiied  in  an  alunuiuuu  ran.  Similarly,  Hu-  tn^|.,er  ciri'uUs  and  tlie  t ransislorized  jajwer  sup¬ 
plies  were  also  each  euiitaiiieil  in  individual  aluminum  laiis  and  powered  by  seU'-eonlained 
batteries. 

The  elieekuH:  oi  the  transistors’  lorward  eiirrent  i;aiii  (l)eta)  and  (‘(jlleidor  ciiocle  back  leakage 
current  with  a  laboratory-lyiii'  beta  clieeki'r.  An  ac -vacuum-tube  voUnieler  wa.s 

used  to  monitor  the  outputs  of  the  osiallators  and  amiilil  ii  rs.  'I’lie  iri^^er  i  ircuits  were  self- 
nionitorin^  by  the  use  ol  small  sipiibs,  which  ipnited  at  a  i)reileiermiiied  current  level.  Monitor- 

oac  '.  :A’C‘<  AM'  AMCiitlt-W  BlOCkiNG  OSCILLATOR 


\o'e  T  o*'d  T.jfe  ^lg^'  eeqi.4t"’cv  ‘le.e'O!  types 

t'ect  •e'e  4,  .'\.‘4*  .*N44a 


TAO  TRANSISTOR  SV.lU'H  DC  POWER  SUPPLY 


Kipure  2  C  ircuit  dia^ram.s  ot  transistori/ed  devices. 

in^  t)l  the  outiiuts  ol  the  dc-to-dc  liipii- voltapc  jitiwcr  .•^uiijilu's  was  acctunplishecl  t>y  usinp  a  liiph- 
iinpetlance  elect ro.static  voltmeter. 

The  ineasLi rements  indicated  .ibove  wi'Ve  taken  and  riaairdcd  bidore  e\p»*iuri‘  ti>  the  radiation 
and  were  repeated  a^ain  alterwanls.  In  every  case,  alti  r-exposurc  rei  overy  id  the  enuipinoiit 
and  Its  monitoring  were  accomiil ished  hi  fori'  the  sell -contained  iMtteries  had  run  down  enoupli 
to  cause  consi'i|ueiUi.d  error. 

Data  from  several  typi'S  ot  detectors,  placed  at  various  distances  Irom  pround  zero  as  part 
ol  Project  2.3.  provided  a  means  tor  cominitinu  the  total  integrated  ncutrini  flu.\  (NVT)  levels. 
These  values  correlated  well  witii  relative  valiu's  obtained  Irom  the  t;old-loil  detectors  placed 
inside  the  boxes. 

A  total  ol  293  transistors  and  tit)  si'niiconducior  tliodcs  were  irradiated  in  these  tests:  of  these. 
45  transistors  were  in  the  operating  state  durinp  i rradi.it ion.  Three  samples  each  ol  represent¬ 
ative  types  of  commercially  available  transistors  were  eximsed  to  the  selected  levels  ol  nuclear 
radiation.  A  few  of  tlu'  less -available  types  were  tested  m  sm.ilKr  mini  dies. 

Fipure  3  shows  the  placement  of  the  boxes  cojoaimn^  thi*  scimroiiduidm's  and  semiconductor 
devices  relative  lo  Shot  Prised  la.  Tiic  one  Utx  exi)oseil  to  Sln>t  llootl  was  buried  4  inehes  beh»w 
the  i;rouiui  at  800  feet  Irom  ground  zero. 

RESULTS 

The  |)ermanent  perlorm.inee  eaiiabiiiiies  tif  these  |)articuiar  t ransistoi  ized  deviees  were  only 
sliphtly  alli'cted  liy  (’xposure  (inuii'r  operating  conditions)  lo  atomic  radiation  up  to  2.9  '  10^* 
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NV'r  aiul  ii.ii  •  lO  r.  As  \v:is  cxpcruMicfd  lu  Ihf  pn'linuuary  trsls,  ctJUiiKjiit'iU  dunui^c  was 
niaml».‘St  Diily  iii  ilu*  srmu-(»ndiu’U)r  dovicrs. 

Tlu*  i)sc illalor  and  aiiiplil u'l*  mills,  whirli  iinli/.t‘d  llu*  sanu'  lyin*  ol  lii^li-lrcquenty  Iransislors 
li)i-  bolli  liinctioiis,  slmwrd  iu*};h^il)K‘  piTiiiaiu'iU  tdlrrl  lii>ni  irnidiaUon  as  inimise  as  10^^  NVT 
and  150  r.  A  sli^luly  lni;lu*r  o.Nposurc  <>1  2,0  •  1U‘“  NV*r  and  2.3  *  10^  r  resulted  in  percentage 
reductions  in  llu*  ainplu'i's’  outpuls,  by  lype  ol  transistor  used,  as  t'ol low's:  2N12B,  3.0  percent; 
2N1H,  7.5  peia-ont;  2N247,  15  iien  eiii;  and  2N04A,  IH  percent.  The  outputs  ol  the  oscillators 
remained  practically  unchanged  alter  e.xposur*'  at  the  aljove  levels. 

Trigger  circuits  ol  two  types,  blocking  oscillators,  aiul  two  transistor  switches  were  exposed 
in  the  operative  slate  with  indicator  sipiibs  connected  in  the  circuits  to  disclose  false  triggering, 
Alllumgli  inspection  of  tlic  circuits  alter  recovery  showed  lhal  no  permanent  damage  to  perform - 


2400  ft 


C.R0UN1D 
2EHO 
'  Pr.sc-.io) 


SOTS 


Bar  at  Depth  b 
I  I  «  lO'*  N,  T 
RO.OOO  f 


.'[ZTj 


Banal  Depth  tO 
.  NVT 

10.000  I 


Depth  1 1" 
6«I0'*NVT 
900f 


K'iJ 


] 

[ID 


Burial  Depth  '*  to  Top  of  Bo» 
Gomrno  Dotioges  Only  Approi 


Bur.ai  Depth  3'  6* 
0  9.  i0'“  NVT 
Negligible  Gommos 


Bunol  Depth  6-2" 
4  5i  ID*  NVT 
Negligible  Gommos 


IriYi  , 

^  i 


Bumo'  Depth  5"  Buripi  Oepth  6" 

29«lO'^NVT  OB.lO'^NVT 

3000r  2000  r 

.•  Bufioi  Oepth  i'- 5" 

lO'^NVT  .  iSO^ 

Bu*  *ai  Oepth  2  -2" 

3e.lO'‘NVT,  Br 

Bur  loi  Depth  4'- 1 1  “ 

I  9.  I0'°  NVT 
Negligible  Gommos 
Burial  Depth  B'  O" 

6  2  «  lO*  NVT 
Negligible  Gammos 


' Bunol 
Depth  6' 

I  4il0"  NVT 
lOOr 


Figure  3  Flaeenu  nt  ol  boxes  and  flu.x  levels, 

.nice  resulicvl  trnir.  irradiation  as  higli  a.--.  l.C  ♦  10*'  NVT  and  900  r,  the  expended  indicator  squibs 
-^ll•>well  that  .ill  l■ll•cull^^  e.xpo.sed  to  fluxes  griniti-r  than  1.9  ♦  10***  NVT  twilh  negligible  ganima  ra- 
til.  I  lull)  li.id  liiM  ii  c.iu^^etl  to  trigger  by  ilie  luiele.ir  r.uiiaiu)ii.  Two  of  the  blocking  oscillator  cir- 
euiis.  wlucli  wiTe  nu're  sensitive  tlian  the  iwn-tiMiisistor  trigger  circuits,  triggered  from 
t*.xi>osuri*s  ol  T.;>  •  10‘ .nut  0,2  •  10'  NVT.  ri'spcct ividy . 

^ub.si*i|'.teni  clu'ckiiig  .''howcvi  lhal  the  batteries  powering  the  two-transisior  trigger  circuits 
h.ul  ran  ditwn  cunMdt-iMitly  lollowing  llie  irr:uliai ion,  where. is  simibir  batteries  powering  Ihc 
oliM-king  oM-iIl.iinivs  la'iii.i iiieti  at  nearly  ttriginal  strengili. 

1  he  re.'^uli.s  ut  irradiating  tlie  t rails ision/ed  high-voltage  power  supplies  were  somewhat  er¬ 
ratic.  .A  .mil  expoM'd  to  3.ri  •  10**  NVT  and  8  r  sutler  mi  a  19  percent  drop  in  output,  whereas 
a  Miiular  »nie  e.xpo.stwl  lo  1.0  •  10*'  NVT  ami  900  r  h.ul  it.s  outt>ut  decreased  by  only  2.4  percent 
iboih  lour  day>  .liter  exposure). 

The  imipui  ol  .1  uiui  irradiated  at  0.9  •  10**  NV  T  .iiid  negligible  gamma  was  not  reduced.  Lab- 
or.iiory  testing  ol  the  .supplies  approximately  3  wei*ks  alter  Iheir  irradiation  .showed  that  all  the 
\oliag(‘  outputs  h.ul  ri'fcovered  lo  within  2  perci'iii  ol  their  pre-exposure  values. 

A  check  ol  .semiconductor  devices  exposed  m  a  nuclear  detonation  when  in  the  passive  stale 
showed  lhal  most  higli-1  reipieney  transistors  sullercd  moderate  damage  Irom  exposure  lo  fluxes 
ol  1.1  •  10**  NVT  diighest  ihix  aecurately  insi nimented)  and  8.8  ^  10^  r.  Exceptions  lo  this  were 
ilu’  sarbu  i*-l>.irrie  r  t  r.Misistors,  the  c ha raciioa sties  ot  which  were  only  .slightly  altered  by  irra¬ 
diation  al  this  Ii‘vel  Ot  the  several  types  ot  .surtnee -barrier  transistors  tested,  the  2N128 
ir.insisiors  cxhiliited  the  highest  resistance  to  radiation  damage.  The  average  characteristics 
of  ilirm*  2N128  ir;insisiors  exixi.sed  to  llu\<  .'i  ol  1.1  •  10**  NV  1'  .iiui  8.8  n  10^  r  indicated  a  loss 
in  l)i‘la  ol  less  Ui.in  3.2  iierceiit  :iiid  an  increase  in  of  .iboul  70  percent.  (Highest  1^.,-,  was  still 
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loss  tlutn  2  /ui.  )  'I'lu'  ('h;iiii;c  ol'  ('liur;i('lt'ristu's  ol  llio  2N247  dnlt  triinsislors  Iruni  irradiation  at 
llio  1.1  •  10*'*  NV’l'  U’Vol  was  somewhat  unusual,  siiu  e  the  average  beta  of  llio  transistor  dropped 
only  about  30  piM'eiMit,  wliereas  the  average  ineri'ased  l(»  twelve  times  its  pre-exposure  level. 

Results  .similar  to  those  abovi'  were  obtained  when  tiu'  same  types  ol  transistors  were  eoii- 
tained  in  a  two-layer  lioral  (slow-iieutron)  shudd  eoiitainer  inside  the  re^^ular  aluminum  housiny;, 
and  tliis  assmubly  was  e.\j)osed  to  tiu'  same  neutmn  and  yamma-llux  intensity. 

Kiyures  4  and  5  show  the  demise  in  forward  current  yain  (beta)  and  the  increase  in  reverse 
eolleetor  diode  leakage  current  resiit'ct ively,  ol  several  ol  the  types  ol  transistors  pas¬ 

sively  e.xposed.  Data  showing  the  effects  of  radiation  on  the  beta  and  of  eacli  ol  the  transis- 


'•  Before  lO"  lO'^  lO'®  lO'^  lO'* 

Exposure  Total  Integrated  Neutran  Flux,  NVT 

Kiyure  4  Dei  rease  in  beta  with  neulnui  tiombardmenl . 
tors  iia.isively  exposi-d  .i^ipears  tn  T.ihlc  1.  liolli  tiie  yraiihs  and  the  table  show  normalized  values, 
i.  e.  ,  the  average  original  v.ilue  altered  by  ilu'  averayi'  pt'i'cent  chanye.  Where  several  transis¬ 
tors  were  exposed  at  a  yiveii  I  lux  level,  the  individual  dev  Ml  tons  from  the  average  change  were 
yene rally  less  than  30  percent.  Ihc  tr.tn.^islors  exposed  while  in  operattiiy  eunditioii  m  equip¬ 
ment  were  al'fi'cted  to  approxi niatcly  the  same  deyree  by  irradiation  is  were  the  same  type  of 
passively  expost'd  transistors. 

Kiyures  0  and  "  show  the  increase  in  torwani  resi>t.iiu  i  .ind  deerease  m  l>aek  resistanee, 
respectively,  of  several  types  ol  seinieonductor  diodes  mcb'di-tl  .imoni:  ine  conipontMits  passively 
exiiosed . 

The  changes  in  h  parameters  ol  thi*  Tyiii'  2NI3‘.)  transistors  I’xposed  lo  nuclear  radial u>n  when 
in  the  passive  st.ite  art'  shown  in  Kiyurc  8. 

Table  1  lists  the  measured  v.iUies  ol  minority  carrier  lifetiino  and  torward  current  yams  for 
2N77  transistors  before  and  alter  exposurt*  tti  si'ver.il  intensmes  ol  nuclear  radiation. 

DISCLSSION 

It  IS  believed  that  neutron  Ixunba rdment  was  resptuisible  lor  the  permaiu'iit  damaye  tc*  the 
semiconductor  devices  exiKist'd  m  these  tests.  Otiier  invest lyators  (llefe rences  2  and  3)  have 
toumi  th.it  .1  yamiiia  tiosaye  ot  alnnit  10^  r  was  reipiired  to  reach  the  threshold  et  permanent  semi¬ 
conductor  daniayc.  Since  the  maxinuim  yamma  dosayt'  received  by  any  component  in  these  tests 
was  less  than  10®  r,  the  possibility  of  permanent  damayes  from  yamma  radiation  is  ruled  out. 

AUhouyli  It  was  planned  to  irradiate  the  units  ot  operatiny  I'quipment  at  levels  up  to  2  x  10^^ 
NVT.  till'  maximum  level  to  which  operatiny  units  actually  were  exposed  was  2.9  x  NVT,  a 
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I'lux  valui’  U’s.s  ttiaii  (.‘X  pci*  tod  at  thv  sfloctt’d  exposure'  site  and  icier  ably  below  that  to  which 
the  passive  units  were  exposed. 

U  is  to  l)e  expected  tiiat  a  iieulruii  I  lux  ol'  2,9  •  NVT  would  only  slightly  affect  the  perform- 
anee  of  transistorized  devices  usin^'  the  hi^h-l'requcncy ,  thin -base,  transistors.  As  occurred  in 
tile  preliniiiiary  tests,  the  oscillator  outputs  were  not  affected,  since  the  oscillators  were  de- 
si p;ned  with  a  relatively  lar^e  amount  of  positive  feedback  and  since  the  performance  of  the  high- 
frequency  transistors  used  as  oscillators  in  tfiis  lest  deteriorated  only  slightly  at  exposures  of 
2.9  ^  10 NVT  and  below. 

The  reduction  in  output  of  tfie  amplifiers,  wfncfi  occurred  at  the  maximum  exposure  level  (for 
active  devices)  of  2,9  *  10*“  NVT,  was  almost  directly  proportional  to  the  loss  in  forward  current 
gain  of  the  transistors.  As  was  done  in  ttie  preliminary  tests,  the  amplifiers  w'ere  purposely 
designed  to  ndlect  this  deterioration.  The  maximum  decrease  in  output  of  18  percent  (1,7  db), 
however,  cannot  be  eonsidered  to  constitute  a  device  failure,  for  variances  greater  than  this 
t'xist  in  commercially  availa'ole  transistors  and  are  allowed  fur  in  conviMitional  electronic  design. 

Tlic  false  triggering  of  the  tilucking  oscillator  and  Iwu-transistor  swatch  circuits  is  believed 
ti>  be  due  to  transient  currents  resulting  from  either  the  effects  of  neutron  and  gamma  radiation 
on  tfic  si’iiiii'onduclor  devices  or  the  circuit  intercepting  the  radiated  electromagnetic  field.  The 
ri’sults  indicate  a  triggering  sensitivity  to  nuclear  radiation  of  several  orders  of  magnitude 
greater  tfian  tfiat  for  permanent  radiation  damage  to  audio  transistors, 

Tlu'  lai'i  th.'ii  the  batteries  pt)  we  ring  tfie  two-transistor  switches  ran  down  rapidly  w'as  at  tri- 
bat  etl  to  tlu'  ihrect  coupling  employed  from  the  eolleetor  of  tfie  NPN  transistor  to  the  base  of  the 
PNP  transistor.  The  use  of  this  type  et  couplmg  results  in  the  of  the  NPN  transistor  being 
amplilied  by  botli  transistors  to  cause  a  large  colleclor  current  to  flow  in  the  PNP  units.  Since 
the  1^0  ol  .1  transisinr  increases  from  irradiation,  the  disadvantage  of  using  a  direct  coupled 
I'lrcuit  IS  apparent. 

The  erratic  Imhavu^r  of  the  high-voltage  power  supplies  may  have  been  due  to  the  combina¬ 
tion  of  the  spread  of  cfiaractenstics  of  tlio  transistors  and  the  fact  tfial  this  particular  design 
requires  a  transistor  with  high  forward  current  gain  and  a  high  collector-base  resistance  at  the 
instant  of  car  rent  cutoff. 

Since  only  one  supply  was  tested  at  each  dosage  level,  anomalous  beUa\aur  of  the  one  sample 
twhich  would  average  out  for  many  samples)  could  be  responsible  for  the  incongruous  data.  When 
laboratory  tests  were  made,  3  weeks  idler  the  exposure.  lUore  had  been  sufficient  annealing  so 
that  the  direct -current  output  of  the  damaged  unit  was  almost  up  to  its  original  value. 

The  majority  of  transistors  exposed  to  the  nuclear  radiation  while  in  the  passive  state  exhibited 
j  tlecrease  in  beta  and  an  mcrease  in  to  approximately  the  same  degree  as  was  experienced 
lor  s mill. 11  t rails i.stnr.s  in  the  preliminary  tests.  Since  Ifiose  contained  in  a  Boral  coiiiainer  were 
da m.iged  to  almost  the  same  degree  as  were  similar  units  lud  so  coot. lined,  it  appears  that  the 
climin.it ion  of  low-energy  neutrons  causes  no  apprecialile  ch.inge  in  r.idi.itmn  damage. 

Tfie  elfects  ol  the  cliaiiges  in  h  parameters  on  tfu'  perforiiiance  ol  conventional  transistor  am- 
plilu  r.s  .slionld  be  lamsidered.  The  power  gam  (P.G.  )  i>f  a  typical  urcandi'il  ciinller-t ransistor- 
amplilicr  stage  is  aiiproximated  by: 


\Vhen‘:  the  load  resistance 

h  parameters  per  Institute  of  tladio  Engineers*  standards,  corresponding  to  the  hybrid 
parameters  for  a  four-terminal  network. 
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11  utic  ;is.suiiK‘^  Hull  is  torisulrrahly  siiuilU'r  Uuiii  a  ciiiiclitioti  met  in  niosl  UC  coupled 
I  rails  is  lor  ainplil'iers  aiu!  m  many  ollu'rs,  ilien  the  pv>wer  ^aiii  equation  reduces  to: 

l>.u.  (2) 

“le 

t^quation  2  UKlicaU’S  that  the  power  pain  o!  an  ain))litier  stape  is  a  function  of  the  Iransislor 
parameters  h^,  ami  ;  however,  the  \  arianee  ol  the  input  i iiipedaiice,  lij^,,  of  a  transistor  from 
irradiation  is  relatively  small  in  eoniparison  to  Hie  ehanpe  m  Iq^.,  the  forward  current  pain  (beta), 
o  follows  that  the  powei'  pain  is  approximately  proportional  to  (Iq^,)".  The  extent  of  damage  to  an 
amplifier  slape  is  thus  seen  to  he  a  drop  in  power  pain  of  ahou!  U  dh  for  each  50-percenl  decrease 
in  hela  of  the  transistor.  Since  -10  dh  ol  pain  per  transistor-amplifier  slape  is  possible  with  high- 
pain  transistors,  a  G-db  loss  diu*  to  transistor  damape  miplU  be  tolerated  in  most  cases.  Varia¬ 
tions  of  Hus  relative  mapnitude  eould  he  retlueed  considerably  by  the  application  of  negative 
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Iced  hack,  .iiul  in  ,idd  Until,  the  nepaiive  leedhack,  ii  of  the  dc  type,  would  increase  the  circuit 
stall! lily.  11  mil  circuit  siahiluy  is  p.i rt ic ulaiTy  desirable  for  circuits  exposed  to  nuclear  radia¬ 
tion,  hcc.iuse  lit  the  un.ivi udahle  increase  m  transuslor 

The  .iiials  .ihove  was  made  usinp  the  common -emitter  transistor  h  parameters,  since  the 
m.iioriiv  of  circmi.s  imw  employ  transistors  usuip  the  common-emitter  connection.  Figure  8 
.-allows  iMdMtnm  cHects  mi  the  transistors’  common  base  h  parameters,  the  latter  being  used 
liecause  itiey  are  Hie  more  ciimmoiily  measured  classical  parameters.  For  either  type  of  h 
p.uMPicter,  the  siprilic.ini  ch.inpcs  Irom  irradiation  are  such  as  to  cause  similar  performance 
lit'pradatimi.s. 

Witn  the  e\(  t'ption  of  a  lew  anomalies,  the  measured  minority  carrier  lifetimes  listed  in 
Table  2  are  proportional  to  the  loss  of  beta  of  the  transistors.  Ol  particular  interest  are  Tran¬ 
sistors  I,  2,  .iiul  3,  which  suffered  an  almost  complete  loss  of  beta  and  also  showed  c.xtremely 
short  minority  i*arrier  lileluiies. 

CONCLLSIONS 

Ot  I  he  components  normally  used  m  electronic  circuits,  semiconductor  devices  are  the  most- 
susceptilile  to  damapi*  by  nuclear  rati iat ion.  In  kications  where  physical  survival  of  electronic 
equipm'Mii  Irom  the  effects  of  a  nuclear  weapon  is  possible,  fast -neutron  bombardment  alone  is 
believeti  to  be  res|>onsil)le  lor  the  permanent  damape  to  semiconductor  devices. 

By  desipninp  circuiis  to  be  highly  stable  (usinp  nepative  feedback  and  optimized  biasing  net¬ 
works)  and  by  usinp  hiph- frequency  transistors,  the  transistorized  oscillators  and  amplifiers 
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ot  l()\v-i)o\VL‘r  lyi)t'  .should  si  ill  bo  usahlo  allor  cxpusuro  to  iioutruii  lliixus  as  hi^h  as  lO'"*  N’V1\ 
During  llu*  luu  ioar  dolonalum,  however,  lualluiirlumm^  ol  rerlaiii  eleolroiue  equipmeat  employ¬ 
ing  seiuu oiitUu'tor  ilevu  es  eaii  be  expeeted  Iroai  exposures  as  low  as  10^  NVT,  with  ne^lii^ible 
^anuiia  raihalanr.  It  is  yet  to  be  deter  mined  w'tiether  either  the  neutron  Ilux  or  the  radiated 
eleelroiuat;nelie  field,  or  both,  were  responsible  for  nuilfunelioninj;  during  detonation. 

Perniaiieni  tlaiua^e  to  ii  aiisistors  Irom  a  uuelear  detonation  eunsisls  chiefly  of  a  decrease  in 
foruartl  ‘  urreiu  y.abi,  beta,  ano  an  iiierease  in  eolli'eior  baek  leakage  eurrent,  Therefore, 

transistor  i/.ed  e  ire  mis  subiecl  to  exiiosure  to  a  luielear  cleionaiioii  should  be  desip;ned  to  be  as 
self-eompensalin^  as  possible  lor  ehant;es  in  these  iiarainelers.  The  designer  should  avoid  cir- 
euils  with  outputs  that  are  proporluaial  to  the  forward  eurrent  gain  of  the  transistors, 

lligh-f retiLieiicy  transistors  were  ies.s  siiseeptiole  to  damage  by  fast-neutron  irradiation  than 
were  the  audio  units.  Siirface-b-.n' r ler  units  underwent  an  exposure  of  1,1  ^  10^^  NVT  from  a 
detonation  without  suffering  ai)preeial)le  damage,  whereas  audio  units  were  damaged  severely 
by  irradiation  at  this  level.  Ol  the  su rface-barr ier  transistors  tested,  Type  2N128  exhibited 
greatest  resistanci'  iw  radlatiuii  damage. 

Tlie  irrailiaiioii  of  sennconduelor  diodes  at  levels  up  to  1.1  •  lO^"*  NVT  caused  the  back  resist¬ 
ance  oi  the  diodes  to  decrease  in  all  cases  and,  in  most  cases,  caused  the  forward  resistance  to 
UK' reuse.  The  heliavun’  of  the  gerpumium  point-contact  Type  1N55A  was  unusual,  since  its  for¬ 
ward  resistanee  remained  fairly  eon.staiU  after  ir radial lum 

The  reasonable  correlation  in  measured  droii  of  nuiioriiy  carrier  lifetime  with  loss  of  beta  of 
irradiated  iransi.siors  supports  the  iliemy  that  the  decrease  in  beta  is  caused  principally  by  the 
minority  i-arrier  lifilinie  decreast’, 

KECOMMLNUA  riONS 

Tests  shoiikl  be  made  to  asct'riaiii  and  recuril  senuciinductor  perlorinance  during  exposure  to 
a  nuclear  detonation  and  to  ascertain  specilically  the  degree  of  contribution  to  semiconductor 
lualiuiu Honing  of  gamma,  neutron,  and  eieelromagncl ic  field  radiation  during  the  explosion. 

Fuiu  iional  transistor  gind  diode)  cireuiirv  should  he  constructed  to  be  as  radiation  resistant 
as  possible,  aiul  these  circuits  should  be  irradiated  in  operating  eonditiiMi  to  ascertain  and  record 
their  perform.ince  both  dui  ing  and  after  exposure. 
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OPSSI 

MEMORANDUM  FOR  DISTRIBUTION 

SUBJECT :  D^lassification  Review  of  Operation  PLUMBOB  Test  Reports 


The  following  101  reports  concerning  the  atmospheric  nuclear  tests  conduaed 
during  Operation  PLUMBOB  in  1957  have  been  declassified  and  cleared  for  open  ' 
publication/public  release:  • 


-A'  '-  .  ' 


WT-1401  thru  WT-1409,WT-1417,WT-1419  thru  WT-1424,WT-1424.1, 
WT-1425  thru  WT-1438,  WT-1440  thru  WT-1444,  WT-1447  thru  WT-1455,  WT-1457, 
WT-1459  thru  WT-1462,  ^1-1464  thru  WT-1470,  WT-1472  thru  WT-1477.  WT-1480. 
WT-1482,  WT-1484,  WT-1485,  WT-1487  thru  WT.1490,  WT-1492,  WT-1493, 

WT-1495  thru  WT-1502,  WT.1504,  WT-1505.  WT-1507  thru  WT.1509,  WT-1511  thru 
WT-1513,  WT-1519,  WT-1522.  WT-1525,  WT-1527  thru  WT-1532,  WT-1534.  WT- 
1535  and  WT- 1542.  '  •  >. 

An  additional  13  WTs  ft'om  PLUMBOB  have  been  re-issued  with  deletions  and  are 


identified  with  an  “EX”  after  the  WT  number.  These  reissued  versions  are  unclassified 
and  approved  for  open  publication.  They  are; 

WT-1410  thru  WT-1416.  WT-1418,  WT-1445,  WT-1471.  WT-1517, 
WT-1521,  and  WT- 1541. 

This  memorandum  supersedes  the  Defense  Special  Weapons  Agency,  OPSSI 
memorandum  same  subject  dated  June  13,  1997  and  may  be  cited  as  the  authority  to 
declassify  copies  of  any  of  the  reports  listed  in  the  first  paragraph  above. 


RITA  M.  METRO 
Chief,  Information  Security 
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See  .■Attached 


